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Abstract. We investigate a high-pumping-efficiency and linewidth-
broadening, L-band, erbium-doped, superfluorescent fiber source SFS
using a cascaded dual-backward-pumped configuration. With optimized
structural parameters, the design provides an L-band SFS with a mean
wavelength of 1578.2 nm, an output power of 132.8 mW, and a spectral
linewidth of 52.6 nm without using any external spectral filters under
265-mW pump power. The high pumping efficiency of 50.1% is achieved
experimentally. The design relaxes the danger in resonant lasing while
enhancing the pumping efficiency and broadening the linewidth. © 2010
Society of Photo-Optical Instrumentation Engineers. DOI: 10.1117/1.3481119
Subject terms: fiber optics amplifiers and oscillators; superfluorescent fiber
source; erbium-doped fiber; fiber optic gyroscope.
Paper 100056PR received Feb. 2, 2010; revised manuscript received Jun. 20,
2010; accepted for publication Jul. 6, 2010; published online Aug. 25, 2010.Introduction
ncoherent broadband amplified spontaneous emission
ASE optical sources at 1.55 m have been widely con-
idered as the light sources for dense wavelength-division-
ultiplexing DWDM device characterization, spectrum-
liced DWDM systems,1,2 and fiber-optic gyroscopes.3 The
rbium-doped fiber EDF based superfluorescent fiber
ource SFS is a good candidate for simultaneously offer-
ng a broad spectral linewidth, high output power, and an
xcellent mean wavelength stability to meet application re-
uirements. There are four general kinds of configurations
o implement ASE sources: single-pass forward SPF,
ingle-pass backward SPB, double-pass forward DPF,
nd double-pass backward DPB. Among them, the DPB
onfiguration has demonstrated the highest output power,
est mean wavelength stability, and broadest linewidth for
-band 1525 to 1565 nm SFS.4 However, to generate an
-band 1565 to 1605 nm SFS, only the DPF configura-
ion is satisfactory; other configurations are intrinsically
ifficult to serve as an L-band ASE source for
pplications.5,6 The output spectra of the DPB and SPB
onfigurations always have a main hump at 1560 nm,
egardless of the EDF length. Although the SPF configura-
ion can achieve an L-band spectrum using a proper EDF
ength, the output power is too small for most applications.
uch results are significantly different compared with their
orresponding C-band counterparts. The SFS that operates
n the L-band has recently become an interesting research
opic because of the fiber-optic communication window’s
xpansion to the L-band.
Although it is intrinsically hard to generate an L-band
FS with the DPB configuration, we present in this paper a
emonstration of the cascaded dual-backward-pumped con-
guration’s success in generating an L-band SFS. The
091-3286/2010/$25.00 © 2010 SPIEptical Engineering 085003-
m: http://opticalengineering.spiedigitallibrary.org/ on 04/13/2017 Terms of Upumping conversion efficiency of such an L-band SFS is
very high, and the spectral linewidth is significantly broad-
ened. The high output power and wide spectral linewidth
with small power ripple are obtained without using any
external spectral filters. The experiment also shows that the
proposed configuration relaxes the danger in resonant las-
ing. We found that the cascaded dual-backward-pumped
configuration was the best at generating a higher-pumping-
efficiency L-band SFS with broader linewidth compared
with that by the dual-forward-pumped configuration7 and
the bidirectional-pumped configuration.8
2 Configuration of the Proposed L-Band SFS
Figure 1 shows the proposed configuration of the dual-
backward-pumped L-band SFS. The designed source con-
sists of two pieces of conventional erbium-doped fibers
EDF1 and EDF2, two 1480 /1590-nm-wavelength selec-
tive couplers WDM1, WDM2, two 1480-nm pump laser
diodes LD1, LD2, an end fiber loop mirror FLM used to
reflect the ASE light to form a double-pass configuration,
and an optical isolator ISO at the output port. Obviously
the design is a cascaded dual-backward-pumped configura-
tion. We define the total length of the EDF as L=L1+L2,
where L1 and L2 refer to the first-stage EDF1 and second-
stage EDF2 lengths, respectively. The fiber length ratio of
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Downloaded FroL1 / L1+L2. Similarly, the pump ratio is defined as the
ump power of the first stage to the total pump power, i.e.,
p=P1 / P1+P2. The EDF used in both simulations and
xperiments is Lucent Technologies’ heavily doped LRL
ber type number L12403,9 with a peak absorption of
7 to 33 dB /m at 1530 nm, mode field radius of 5.2 m,
utoff wavelength of 1100 to 1400 nm, and numerical ap-
rture of 0.25.
It has been proved that the L-band ASE is realized
hrough a longer EDF.5,6 The principle of the L-band SFS
roposed here can be explained as follows: The C-band
SE generated by the anterior fiber is injected into the later
ber to be a second pump source, and the L-band ASE will
e achieved in the output. For the configuration presented
n this paper, the C-band output of EDF2 was transfused
nto EDF1 to be a second pump source. As a result, the
-band output spectrum was obtained in the output end of
he EDF1 with an appropriate fiber length arrangement and
ump ratio. The pump power P1 and EDF1 work together
o amplify the L-band spectrum. Because the 1550-nm ASE
enerated by the 1480-nm pumping is the pump source for
he 1580-nm band, the amplification and the quantum con-
ersion efficiency to 1580-nm ASE with the 1480-nm band
umping is higher than that with the 980-nm pumping.
herefore, the 1480-nm pumping is considered in this con-
guration.
Results and Discussion
o obtain the optimal parameters of this configuration and
ain the best output properties, the commercial amplifier
imulation package OASIX was used to perform the simu-
ations of the proposed configuration.10 The rate equations
nd power evolution equations in Ref. 3 were adopted for
he simulations, which were completed by the simulation
ackage. In the equations, the pump and signal excited-
tate absorption ESA from the pump state or from the
pper-laser state were neglected because the cross-sections
or these processes were small or the occupation of the
bsorbing state was negligible, i.e., a 1480-nm pump band
as considered to be free from ESA.3 As is well known, the
ain in the longer wavelength range of the L-band was
egraded due to the 4I13/3→ 4I9/2 ESA that appears from
620 nm. It was previously proved that the simulation soft-
are we used is accurate and effective for characterizing
FS and presenting the same results as those obtained by
xperiments.11–13
Previous simulations and experiments indicated that the
avelength range of the output ASE spectrum was largely
ependent on the total fiber length used. Therefore, the total
DF length L was initially optimized to obtain a flat
-band spectrum output. The effective FLM reflectivity
as selected to be 90%. The output spectral linewidth of
he L-band SFS against the total EDF lengths at different
2 2, 5, 8, and 11 m were simulated. The pump powers of
he two stages were both set at 80 mW. The results indicate
hat the optimal EDF length to obtain the widest linewidth
f the L-band SFS at different L2 were all approximately
0 m, as shown in Fig. 2. The results of other pump power
atio simulations also show that the widest linewidth oc-
urred at an EDF length of 20 m. The widest spectral line-
idth means that the lowest spectrum ripple is the flattestptical Engineering 085003-
m: http://opticalengineering.spiedigitallibrary.org/ on 04/13/2017 Terms of Uof the L-band spectrum. Hence, in the subsequent simula-
tions, the total EDF length was fixed at 20 m of the pro-
posed cascaded dual-backward-pumped L-band SFS.
Figure 3 shows that the output ASE spectra under dif-
ferent RL with the pump powers of the two stages were
both set at 80 mW. The proposed configuration became a
DPB configuration when RL=0, which did not generate a
flat L-band SFS. The output spectrum is shown as cover a
in Fig. 3. When the cascaded dual-backward-pumped con-
figuration was used i.e., RL=0.1,0.5,0.8, the configura-
tion successfully generated a flat L-band SFS, shown as
cover b to d in Fig. 3. In particular, the cascaded dual-
backward-pumped configuration generated a linewidth
broadening L-band SFS in the case of RL=0.1. The line-
width was over 15 nm broader than that of the conventional
L-band SFS.
The effects of the fiber length ratio RL and pump ratio Rp
on the output spectrum were addressed to gain insight into
the properties of the dual-backward-pumped L-band SFS.
At a set of pump power allotments Rp at a fixed 160-mW
total pump power, the output characteristics were simulated





























Fig. 2 Spectral linewidth versus total EDF length.
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f the L-band SFS on RL. The calculated linewidth and
ean wavelength of the L-band SFS versus RL are given in
igs. 4a and 4b, respectively. Figures 4a and 4b
how that when the proportion of the fiber length L1 for
tage 1 is larger than 0.5, the fiber length ratio and pump
atio had little inference on the linewidth and mean wave-
ength. The output spectrum was a conventional L-band
FS with a linewidth around 42 nm. Thus, the cascaded
ual-backward-pumped configuration can only provide a
onventional L-band SFS in the condition of RL0.5.
owever, Fig. 4a shows that the proposed cascaded dual-
ackward-pumped configuration provided an L-band SFS
ith significant linewidth broadening at a specific fiber
ength ratio below 0.25 for all the cases of pump power
llotments. The output spectra with the maximum linewidth
et at different pump ratios i.e., Rp
0 ,0.375,0.5,0.625,0.875 are shown in Fig. 4c with
ach the fiber length ratio optimized. Figure 4c shows that
he output spectra all fall on the L-band to some extent up
o the edge of the C-band, thus inducing a linewidth broad-
ning of about 60 nm. The proposed cascaded dual-
ackward-pumped configuration can always achieve an
-band SFS with a broadening linewidth at various kinds of







































































Fig. 4 a Calculated linewidth. b Mean wav
allotments. c Flattest output spectra at differen
four different fiber length ratios.ptical Engineering 085003-
m: http://opticalengineering.spiedigitallibrary.org/ on 04/13/2017 Terms of Upump ratios by optimizing the fiber length ratio. The pump
ratio and fiber length ratio affect the output power as well.
Figure 4d illustrates the output power versus pump ratio
at four different fiber length ratios i.e., RL
=0.1,0.3,0.5,0.8. For the cases of RL=0.3, 0.5, and 0.8,
the output power increased with the pump ratio, and their
available maximum output power were all achieved with
the pump ratio around 0.875. But for RL=0.1, the output
power remained almost constant with the pump ratio be-
tween 0 and 0.5. The output power dropped quickly when
the pump ratio was larger than 0.5.
To choose the best fiber length ratio and pump ratio of
the proposed configuration, Fig. 5a illustrates the maxi-
mum available linewidth at different pump ratios by opti-
mizing the fiber length ratio, and their corresponding output
power and mean wavelength. Figure 5a shows that the
dual-backward-pumped configuration successfully imple-
mented an L-band SFS with various pump ratios. By opti-
mizing the fiber length ratio at different pump ratios, the
L-band SFS with linewidth broadening over 55 nm can al-
ways be achieved. The broadest linewidth of 60.1 nm was
achieved at a pump ratio of 0, i.e., P1=0, P2=160 mW. For
the other criteria, Fig. 5b illustrates the available maxi-
mum output power at different pump ratios by optimizing
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Downloaded Frohe fiber length ratio, and their corresponding linewidth and
ean wavelength. Figure 5b shows that the highest output
ower occurred at RP=0.875, corresponding to a theoretical
ump efficiency of 70.1%. When RP=0.875, the dual-
ackward-pumped design also provided quite a broad spec-
ral linewidth of 56.1 nm. Figures 5a and 5b demon-
trate that the proposed design can provide a good L-band
FS in two cases, i.e., RP=0 and RP=0.875.
A more detailed comparison of the two cases was carried
ut and is described in the following. Figure 6a illustrates























































Fig. 5 a Calculated maximum linewidth by o
power, and mean wavelength versus RP. b Ca
length ratio, corresponding linewidth, and mean





























Fig. 6 a Calculated linewidth and output powe
output power versus total pump power with opt
data for R =0, and black squares represent theP
ptical Engineering 085003-
m: http://opticalengineering.spiedigitallibrary.org/ on 04/13/2017 Terms of Uthe linewidth and output power versus fiber length ratio
with pump ratios of 0 and 0.875. The broadest linewidths of
60.1 nm at RL=0.025 and 56.7 nm at RL=0.225 were
achieved for pump ratios of 0 and 0.875, respectively. In
the case of RP=0.875 the output power remained almost
constant with a large RL range between 0.2 and 0.85. In the
case of RP=0, the output power decreased monotonously
with RL. Figure 6b illustrates the linewidth and output
power versus total pump power with optimized fiber length
ratios. The results show that the characteristics of linewidth























































ng the fiber length ratio, corresponding output
maximum output power by optimizing the fiber
ength versus RP.



































s fiber length ratio. b Calculated linewidth and


















































Wang et al.: Ultra-high-efficiency L-band erbium-doped superfluorescent fiber source with broadening linewidth
O
Downloaded Frond output power with RP=0 are comparable to those of
P=0.875. However, the configuration is simpler and more
ractical for RP=0 since it requires only one pump.
Based on the above simulation results, the output char-
cteristics of the L-band SFS with two different RP RP
0 ,0.875 were compared experimentally. For the first ex-
eriment on the single-backward-pumped L-band SFS, i.e.,
P=0, the RL was selected as 0.025 based on the simula-
ion, i.e., the fiber length of the first stage unpumped fiber
as 0.5 m and the length of the second stage backward-
umped fiber was chosen to be 19.5 m. In the experiment,
he output power and the spectrum were measured, respec-
ively, using an optical power meter and an optical spec-
rum analyzer with a resolution of 0.02 nm. The spectra of
he single-backward-pumped L-band SFS under the two
ump powers of 165 and 265 mW are shown as covers a
nd b in Fig. 7, respectively. The output spectrum with
65-mW pump power was recorded because it was the flat-
est and fell in the L-band. A flat L-band spectrum was
chieved with a 54.2-nm bandwidth, which is obviously
roader than that of the conventional L-band spectrum us-
ng the DPF configuration. With an additional increase in
he pump power, the output power would increase as well,
ut the output spectrum would get a little worse not as flat
s under 165 mW. Most important, the laser occurred
hen the pump power was increased to 265 mW, which
nduced the narrower linewidth shown as cover b in Fig.
. Thus, a high-output-power operation with high pumping
fficiency for the single-backward-pumped L-band SFS
onfiguration is difficult to realize since it is inhibited by
he instantaneous resonant lasing effect.
For our second experiment on the cascaded dual-
ackward-pumped L-band SFS, i.e., RP=0.875, RL was se-
ected as 0.225 L1=4.5 m, L2=15.5 m based on the simu-
ation. The output spectrum was observed, and no lasing
ccurred when the pump power was increased to 300 mW.
he flattest L-band spectrum is recorded as cover c in Fig.
under 265-mW pump power. The output L-band SFS had
n output power of 132.8 mW, a spectral linewidth of
2.6 nm, and a mean wavelength of 1578.2 nm. A high
umping efficiency of 50.1% was achieved.





















cover(a): single-backward pump, P=165mW
cover(b): single-backward pump, P=265mW




ig. 7 Output spectra of the single-backward and dual-backward
ump configurations.ptical Engineering 085003-
m: http://opticalengineering.spiedigitallibrary.org/ on 04/13/2017 Terms of UFigure 8 illustrates the output power versus pump power
of the two SFSs. The results show that the pumping effi-
ciency of the L-band SFS by the cascaded dual-backward-
pumped configuration was a little higher than that of the
single-backward-pumped configuration, i.e., RP=0. Further,
the experiment on the dual-backward-pumped configura-
tion shows that it relaxed the danger in resonant lasing
when the pump power was more than 265 mW, thus allow-
ing a higher-pumping-power operation and therefore en-
hancing the pumping efficiency. The cascaded dual-
backward-pumped configuration was better than the single-
backward-pumped configuration for generating a higher-
output-power L-band SFS. The experimental results are
qualitatively in good agreement with the simulations. The
trends of efficiency enhancement and linewidth broadening
by optimizing the RL ratio in the single-backward-pumped
configuration and the Rp and RL ratios in the cascaded dual-
backward-pumped configuration are basically the same be-
tween the experimental results and the simulations. The
discrepancies in the pumping efficiency of the L-band SFSs
between the experiment and simulation are mainly due to
the splicing loss between the EDF and the single-mode fi-
ber SMF, and the components losses in the experiment,
which were not taken into account in the simulation.
Since it is intrinsically difficult to generate an L-band
SFS with the DPB configuration, the success of the cas-
caded dual-backward-pumped configuration for an L-band
SFS presents many advantages. The ultra-high pumping ef-
ficiency and broadening linewidth L-band SFS can be
achieved merely by changing the Rp and RL ratios of the
cascaded dual-backward-pumped configuration, as shown
in Fig. 5. The 50.1% pumping efficiency of the proposed
L-band SFS is higher and the 52.6-nm spectral linewidth is
broader than those reported in Refs. 7 and 8 36.1% and
40.8 nm in Ref. 7, 42.2% and 41.6 nm in Ref. 8. Although
a recently reported L-band SFS exhibited a comparable
spectral linewidth,12 the pumping efficiency of 50.1% re-
ported in this paper is much higher. Compared with the
improved bidirectional pumping configuration reported in
Ref. 13, the configuration presented here has the advantage
of always providing a broad linewidth with various pump
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Fig. 8 Output powers versus pump power of the SFS with RP=0
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little. The single-backward-pumped configuration with a
ection of unpumped fiber is also a good choice for gener-
ting a medium pumping efficiency and broadening the
inewidth of an L-band SFS with the advantage of a simple
ne-pump configuration. We believe that the high-
umping-efficiency and broadening-linewidth L-band SFSs
ould be useful for applications in L-band DWDM device
haracterization and spectrum-sliced DWDM systems.
Conclusion
n conclusion, we have proposed and demonstrated an
ltra-high-efficiency L-band SFS by using a cascaded dual-
ackward-pumped configuration to achieve a high output
ower and a broadening spectral linewidth with low power
ipple characteristics and without using any external spec-
ral filters. We found that the cascaded dual-backward-
umped configuration was successful in implementing the
-band SFS to provide an ultra-high-efficiency and a
roadening linewidth as well. The characteristics of a
32.8-mW output power, a high 50.1% pumping conver-
ion efficiency, a broadening 52.6-nm spectral linewidth,
nd a mean wavelength of 1578.2 nm were obtained. The
ual-backward-pumped L-band SFS displays better charac-
eristics than that of the dual-forward-pumped configuration
nd the bidirectional-pumped configuration. Such a flat,
igh-power ASE source is essential for L-band DWDM de-
ice characterization and spectrum-sliced DWDM systems.
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